Gonadal steroids profoundly influence several brain functions and are apparently responsible for gender-specific differences in the regulation of hypothalamic-pituitary-adrenal (HPA) secretions. In this study, we examined the so-called "activational" effects of gonadal steroids on the glucocorticoid-mediated regulation of the gene transcription of corticotropin-releasing hormone (CRH) and corticosteroid receptors in brain areas of relevance for the control of pituitary-adrenal secretion. The efficacy of adrenalectomy (ADX) and chronic treatment with high doses of corticosterone (B) to regulate the gene transcription of CRH and corticosteroid receptors in the hypothalamic paraventricular nucleus (PVN) and hippocampus was studied in male and female rats under the conditions of deprivation of gonadectomy (GDX) and replacement with different gonadal steroids, such as estradiol (E 2 ), progesterone (P), and dihydrotestosterone (DHT). In both sexes, ADX alone or in combination with GDX increased, and B treatment suppressed, the steady-state levels of CRH and corticosteroid receptor mRNAs, whereas GDX alone failed to affect any of the parameters studied. Administration of gonadal hormones to steroiddeprived (ADX/GDX) animals partially attenuated the upregulation of mRNAs encoding corticosteroid receptors in the hippocampus. Supplementation with gonadal steroids modified the effects of B on the gene transcription of CRH and corticosteroid receptors. Whereas P alone or in combination with E 2 counteracted the B-induced downregulation of GR and CRH gene transcription in females, DHT and E 2 administration further potentiated the effects of B on these parameters in a sex-specific manner. Taken together, the results indicate that gonadal steroids have minor influence on MR, GR, and CRH gene transcription under basal conditions, exert "glucocorticoid-like" effects on the transcription of corticosteroid receptors in the hippocampus of steroiddeprived animals, and interact with glucocorticoid-mediated mechanisms of regulation in the HPA axis through genderspecific "buffering" and "potentiating" effects.
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Gonadal steroids are critically involved in several aspects of brain development and function, with considerable interest recently being generated in their role in the control of the hypothalamicpituitary-adrenal (HPA) system. Evidence accumulated over the last 30 years demonstrates that the neuroendocrine response to stress displays profound gender-specific differences, the manifestation of which largely depends on the presence of gonadal steroids (Kitay, 1961; Critchlow et al., 1963; Viau and Meaney, 1991; Burgess and Handa, 1992) . Recent studies in our laboratory provided the first evidence that sex hormone-dependent organization of the brain during early postnatal development in the rat also results in the establishment of gender-specific patterns in the neural mechanisms controlling HPA activity, as reflected by distinct sex differences in the expression of genes encoding corticotropin-releasing hormone (CRH) in the hypothalamus and corticosteroid receptors in the hippocampus . In addition, we found that gender-specific differences in pituitaryadrenal hormone secretions and their sensitivity to glucocorticoid negative feedback are influenced by alterations in the gonadal steroid milieu in adulthood (O. Almeida, V. Canoine, S. Ali, F. Holsboer, and V. Patchev, unpublished observations). Taken together, these findings indicate that gonadal hormones apparently exert "organizing" and "activating" effects on several neural mechanisms that control HPA activity under basal and stressrelated conditions. CRH, produced in parvocellular neurons of the hypothalamic paraventricular nucleus (PVN), is the major activator of the pituitary-adrenal secretory cascade, at least under physiological conditions. Its gene expression and release are tightly controlled by circulating glucocorticoids (Sawchenko, 1987; Swanson and Simmons, 1989) . Type I (MR) and type II (GR) corticosteroid receptors (mineralocorticoid and glucocorticoid receptors, respectively) in the hippocampus, and GR in the PVN, are the principal mediators of corticosteroid negative feedback on the central components of the HPA axis (McEwen et al., 1986; Dallman et al., 1992; de Kloet et al., 1993) ; the gene expression and binding properties of these receptors are themselves subject to regulation by adrenocortical steroids (Spencer et al., 1991; Herman, 1993) . Several previous studies have suggested an influence of the gonadal steroid milieu on CRH (Haas and George, 1988; Bohler et al., 1990; Almeida et al., 1992; Bingaman et al., 1994) and corticosteroid receptors (Turner and Weaver, 1985; Peiffer et al., 1991; Ahima et al., 1992; Carey et al., 1995; Castrén et al., 1995) , although the contribution of the individual gonadal hormones to the regulation of HPA function remains obscure. The complexity of the problem emerges from two principal facts: (1) the activating effects of gonadal steroids occur secondarily to, and are dependent on, sex-specific organization of the brain; and (2) gonadal steroid secretions in males and females differ qualitatively, quantitatively, and temporally.
The present study was designed to investigate systematically the activating effects of individual gonadal steroids on the major central components of the HPA axis. Specifically, male and female rats were steroid-deprived by adrenalectomy (ADX) and gonadectomy (GDX) and then chronically exposed to fixed amounts of estradiol (E 2 ), progesterone (P), and dihydrotestosterone (DHT); in one experiment, these gonadal steroid treatments were superimposed on chronic treatment with supraphysiological doses of corticosterone (B). The effects of these treatments on the transcription of genes encoding CRH, MR, and GR in selected brain regions were monitored by in situ hybridization histochemistry so as to shed light on (1) how GDX and the individual sex steroids influence the expression of CRH, MR, and GR genes, and (2) the ability of individual gonadal hormones to alter corticosteroidmediated effects on CRH, MR, and GR gene expression.
MATERIALS AND METHODS
General procedures. Sexually mature (3 month old) Wistar rats (Max Planck Institute of Biochemistry, Martinsried, Germany) were housed in groups of five under controlled illumination (12 hr light/dark cycle; lights on at 6:00 A.M.) and had free access to food and water throughout the experiment. All surgical and treatment procedures were conducted in compliance with national regulations on animal welfare. The stage of ovarian cycle was monitored daily for 10 d before experimentation in females that were to serve as intact controls. ADX and/or GDX were performed under barbiturate anesthesia (30 mg/kg Brevimytal, i.p.; Lilly, Bad Homburg, Germany); sham-operated controls received skin incisions under barbiturate anesthesia. ADX rats were given physiological saline as drinking solution. In all experiments, rats were killed by decapitation between 9:00 A.M. and 12:00 P.M.; sham-operated female controls were killed on the day of diestrus. A specific RIA (ICN Biomedicals, Costa Mesa, CA) was used to assay B in plasma obtained from trunk blood at the time of killing. After killing, brains were rapidly removed, snap-frozen in prechilled isopentane, and stored at Ϫ70ЊC before being processed for semiquantitative detection of CRH, MR, and GR mRNAs, as described below. In all experiments, treatment groups consisted of five animals each. All reagents, including steroids, were supplied by Sigma (Deisenhofen, Germany) unless stated otherwise.
Experiment 1: effects of adrenal and/or gonadal steroid deprivation. Intact (sham-operated), ADX, GDX, and ADXϩGDX male and female rats were killed 6 d after surgical intervention, and their blood plasma and brains were retained and processed as described above.
In the next two experiments, we examined the effects of different steroid hormones; to eliminate the interference of endogenous steroids, the adrenals and gonads were removed in all subjects before starting hormone treatment.
Experiment 2: effects of sex hormone administration in steroid-deprived rats. Subgroups of ADXϩGDX male and female rats were given subcutaneous injections of estradiol benzoate (E 2 ; 50 g), progesterone (P; 1 mg), and dihydrotestosterone (DHT; 100 g) on the days 1, 3, and 5 after surgery. In addition, a group of female rats received E 2 and P at the above-mentioned doses, but according to a sequential regimen: an injection of E 2 on the day 1 after surgery, followed by injections of P on days 3 and 5 after surgery. The controls in this experiment consisted of ADXϩGDX male and female rats that received equivalent amounts (0.5 ml) of vehicle (corn oil). Animals were killed 1 d after the last of the injections (6 d after surgery), their brains being collected for the measurement of mRNAs encoding CRH, MR, and GR (see above).
Experiment 3: effects of gonadal steroids in rats exposed to supraphysiological levels of B. Subgroups of male and female ADXϩGDX rats were subcutaneously implanted with pellets containing 100 mg of B (Innovative Research of America, Sarasota, FL) immediately after surgery. Pellets were left in place for 6 d. These animals were subject further to treatments consisting of gonadal steroids (E 2 , P, DHT, and E 2 ϩP) or vehicle (corn oil); the latter were administered according to the dose-and time-schedules described for experiment 2. Rats were killed on day 6 after surgery, and their blood and brains were collected for determinations of B levels and quantification of mRNAs, respectively.
In situ hybridization histochemistry. Coronal cryosections (14 m), containing the rostral third of the hypothalamic PVN (rostro-caudal coordinates between bregma Ϫ1.4 and Ϫ1.6) and the dorsal hippocampus (between bregma Ϫ2.80 and Ϫ3.60), were thaw-mounted on gelatincoated slides; fixation, permeabilization, hybridization, and washing at high stringency were performed according to previously described protocols Whitfield et al., 1990 ). An oligonucleotide 48-mer antisense probe, complementary to bases 496 -543 of the rat CRH gene (Jingami et al., 1985) , was commercially synthesized (MWG-Biotech, Ebersberg, Germany) and labeled with [
35 S]dATP (DuPont NEN, Boston, MA) by terminal deoxynucleotidyl transferase. The plasmids containing the probes for the rat type I (MR) and type II (GR) corticosteroid receptors (Miesfeld et al., 1986; Arriza et al., 1988) 35 S]dUTP-labeled cRNA probes were generated by transcription from the SP6 (antisense) and T7 (sense) promoter, respectively. Autoradiographs from hybridized sections were generated by exposure to Hyperfilm ␤max (Amersham, Little Chalfont, UK) for standardized periods. Specificity of the hybridization signals was monitored using adjacent sections that were hybridized with the corresponding sense probes. Autoradiographic signals in brain regions of interest (PVN and hippocampal subfield CA1/CA2) were quantified by computerassisted densitometry (National Institutes of Health Image 1.52; NIMH, Bethesda, MD).
Statistics. Four measurements of the optical density of hybridization signals for CRH, MR, and GR mRNAs in the areas of interest (PVN and hippocampus) were made on two consecutive sections from each animal and converted into Ci/gm tissue using a third-order polynomial equation generated from measurements in coexposed radioactive standards (ARC Inc., St. Louis, MO). These measurements were used to calculate individual means and, subsequently, group means. The latter, as well as group means of plasma B levels, were subjected to one-way ANOVA, followed by Dunnett's t test, as appropriate, so as to examine differences between control and hormone-treated groups. The level of significance was preset at p Յ 0.05.
Comparisons between the magnitudes of response (CRH, MR, and GR mRNAs) to ADX and/or GDX, and supplementation with high doses of B, were made on the basis of computations of percentage ratios between treatment effects in individual animals and the average intensity of hybridization signals in sham-operated controls; these ratios may be considered to reflect "relative steroid sensitivity" of the parameters studied. The existence of treatment-related statistical differences in the latter was examined using the nonparametric one-way ANOVA (KruskallWallis), followed by the Wilcoxon rank-sum test. Differences between means were considered significant when p Յ 0.05.
Because experiments with male and female subjects were conducted at different times, albeit under identical conditions, the numerical data were not used for direct comparisons of gender-specific differences.
RESULTS
Basal plasma levels of B in adrenal-intact rats ranged between 50 and 70 ng/ml, with no significant differences detectable between the genders; GDX did not exert a significant influence on plasma B levels in either sex (data not shown). Subcutaneous B implants significantly elevated circulating levels of B to 223 Ϯ 43 ng/ml; neither gender nor superimposed gonadal steroid treatments were associated with significant effects on the latter values.
Effects of adrenal and gonadal steroid deprivation
Both males and females responded to procedures involving ADX (ADX and ADXϩGDX) with significant increases in hippocampal MR and GR mRNA levels, as well as in the number of CRH mRNA transcripts in the hypothalamic PVN. Levels of mRNA encoding MR in the hippocampus (Fig. 1, top panels) and CRH in the PVN (Fig. 1, bottom panels) were not affected by GDX alone.
Whereas GDX did not significantly alter GR mRNA levels in the hippocampus of males, the manipulation induced a significant reduction in this parameter in females (compare open bars in Fig.   1 , middle panels). Compared to males, females generally showed a greater relative responsiveness to ADX, GDX, and ADXϩGDX (compare Table 1 ). Removal of the adrenals and/or gonads failed to significantly alter GR mRNA levels in the PVN of either male or female animals (data not shown).
Effects of sex hormone administration in ADX؉GDX rats
Selective steroid replacement in ADXϩGDX male and female rats revealed gender-specific patterns of response in terms of hippocampal MR and GR gene expression (Fig. 2 , top and middle panels), whereas hypothalamic CRH mRNA levels did not change in response to any of the gonadal steroid administration regimens (Fig. 2, bottom panels) . Treatment with E 2 resulted in a significant reduction in MR mRNA levels in females only (Fig. 2, top right  panel) ; in contrast, E 2 -induced changes in GR mRNA levels were restricted to males that showed a significant reduction in this parameter (Fig. 2, middle left panel) . The administration of P to ADXϩGDX male, but not female, rats resulted in a significant reduction in the gene expression of MR (Fig. 2, top left panel ) . Neither sex showed changes in GR mRNA levels in response to P treatment. Treatment of females with P, subsequently to priming with E 2 , resulted in an abolition of the suppressive effect of E 2 on MR gene expression (Fig. 2, top right panel ) . Although neither E 2 nor P alone influenced GR gene expression in females, their sequential application resulted in a significant suppression of GR mRNA levels in the hippocampus (Fig. 2, middle right panel ) . Neither of the gonadal steroids used produced significant changes in GR gene transcription in the PVN of ADXϩGDX rats (data not shown).
Effects of gonadal steroids in rats exposed to supraphysiological doses of corticosterone
It should be noted that in the following descriptions, changes in any parameter refer to the sum effects of selective gonadal steroid treatments in ADXϩGDX rats supplemented with supraphysiological doses of B. In each case, comparisons are made with values observed in vehicle (corn oil)-treated ADXϩGDXϩB-implanted animals. In the latter groups, the hybridization signals for CRH, MR, and GR mRNAs were significantly lower than those seen in sham-operated controls (compare shaded areas in corresponding panels in Figs. 1 and 3) , with males displaying a higher sensitivity to the action of B (compare Table 1 ).
Except for DHT, which caused a further decrease in males (Fig.  3, top left panel ) , gonadal steroid supplementation did not significantly influence MR gene expression in B-implanted rats. Whereas males were nonresponsive to gonadal steroid supplementation in terms of hippocampal GR gene expression, the latter parameter displayed a further significant reduction in females receiving E 2 treatment (compare Fig. 3, middle right panel ) . Females treated with P alone, or P after priming with E 2 , had significantly higher GR mRNA levels than those measured in the reference group (Fig. 3, middle right panel ) . Administration of E 2 to ADXϩGDXϩB-supplemented rats failed to influence hypothalamic CRH gene expression. Whereas P did not cause any notable changes in the levels of CRH mRNA in males, female rats treated with P alone or in combination with E 2 , showed significant increases in the latter parameter compared to vehicle-injected animals (Fig. 3, bottom right panel ) . The androgen DHT proved to be an accessory suppressor of CRH mRNA levels in males but not females (Fig. 3, bottom left panel ) .
DISCUSSION
We previously showed that several differences in the activity of the HPA axis in male and female rats may be a consequence of exposure of the developing brain to gonadal hormone-dependent organization . However, because the brain experiences its greatest exposure to gonadal steroids during a protracted period, spanning puberty and much of adulthood, the present study was undertaken to address the question of how circulating sex steroids influence or activate sexually differentiated neural mechanisms involved in HPA regulation. The rationale behind this question may be better appreciated by recalling a well documented parallel in reproductive neuroendocrinology in which activational effects of gonadal steroids on hormonal secretion and behavior are superimposed on perinatally organized neuroendocrine circuits (Goy and McEwen, 1980) . In this work, carried out on postorganized adult male and female rats, we demonstrate that the major sex steroids E 2 , P, a combination of E 2 and P (in females only, to mimic the estrous cycle), and DHT exert activational effects on the transcription of genes encoding corticosteroid receptors (MR and GR) in the hippocampus and CRH in the paraventricular nucleus of the hypothalamus; these actions varied depending on the particular parameter investigated and also between the sexes. Because these studies concentrated on assaying steady-state levels of CRH-, MR-, and GR-encoding mRNAs, it is appropriate to mention at the outset of the discussion that several studies have shown a good correlation between these parameters and the amounts of their respective translational products (Swanson and Simmons, 1989; Herman, 1993) .
In agreement with previous reports (Swanson and Simmons, 1989; Herman, 1993) , ADX in both sexes was associated with significantly increased levels of mRNAs encoding CRH and corticosteroid receptors in the brain structures of interest. However, GDX affected only one of these latter parameters: in females, it caused a decrease in hippocampal GR mRNA levels. Although corticosteroids may therefore be considered to be the prime transcriptional regulators of CRH, MR, and GR genes, the last result, together with the observation that females display higher GR mRNA levels under basal conditions , strongly indicates that ovarian steroids exert an important influence on the central mechanisms controlling HPA activity. Furthermore, the present observation that females show stronger responses than males to steroid deprivation (see Table 1 ) suggests that females are more sensitive to the tonic regulatory influences of physiological levels of glucocorticoids; the latter view is supported by the recent demonstration that female rats are more sensitive to the acute inhibitory actions of glucocorticoids (O. Almeida, V. Canoine, S. Ali, F. Holsboer, and V. Patchev, unpublished observations). Although these differences may result primarily from sexually differentiated brain mechanisms (Patchev et al., 1995), the notion that they are reinforced, or at least modulated, by exposure to activating gonadal steroids cannot be dismissed.
Examination of the effects of sex steroids on the transcription of MR and GR in the hippocampus of steroid-deprived animals (Fig.  2) revealed gender-specific profiles of the response to the individ- ual steroids tested. Overall, the gonadal steroids, irrespective of the class they belong to, attenuated the increases in MR and GR mRNAs resulting from the removal of the endogenous adrenocortical feedback. Interestingly, with the reservation that the steroids tested were applied at pharmacological doses, "typical" male (DHT) and female (E 2 , P) hormones exerted such effects even in the opposite sex; this is exemplified by the findings that P decreased MR gene expression in males (but not in females), , and DHT (solid bars) on MR, GR, and CRH mRNA levels in ADXϩGDX male (left panels) and female (right panels) rats that were simultaneously exposed to supraphysiological doses of B. Shaded areas depict hybridization signals (ϮSEM range) measured in B-implanted ADXϩGDX animals receiving oil injections instead of gonadal steroids. Asterisks indicate significant differences between vehicle-and sex steroid-treated rats; data represent mean Ϯ SEM of five individuals.
whereas DHT reduced MR mRNA levels in females (as well as males). The glucocorticoid-like properties of these sex hormones point to the possibility that sex steroids might be able to serve as transcriptional regulators of genes normally considered to be (strictly) glucocorticoid-responsive. This view is consistent with earlier demonstrations that P interacts with MR gene transcription in the hippocampus (Castrén et al., 1995) ; some of the molecular mechanisms that might underlie such interactions are considered later in this discussion.
None of the sex steroid treatment regimens induced any changes in CRH gene expression in ADXϩGDX male and female rats. Although an obvious interpretation of this observation is that gonadal steroids do not serve an activational role in the regulation of CRH synthesis, we consider this point worthy of further experimental investigation. For example, it could be that sex steroid effects were masked in the particular paradigm used in this work, i.e., that the ADX-induced increases in CRH mRNA levels had either already reached a "ceiling" or that any effects in the reverse direction could not be manifest at the steroid doses and/or duration of treatment used. Indeed, studies using other models have reported that estrogens and androgens influence CRH biosynthesis (Vamvakopoulos and Chrousos, 1993; Bingaman et al., 1994; Handa et al., 1994) .
The third experiment in this study was designed to investigate whether sex steroids interfere, in an activational sense, with glucocorticoid feedback mechanisms: ADXϩGDX animals received implants of corticosterone (resulting in constantly elevated plasma levels of B), and treatments with E 2 , P, or DHT were then administered. As expected (Swanson and Simmons, 1989; Herman, 1993; Patchev et al., 1994) , animals that received treatment with vehicle instead of the sex steroid treatment displayed reductions in their steady-state CRH, MR, and GR mRNA levels compared to sham-operated controls. Superimposed treatment with sex steroids resulted in changes that indicated an activating influence of gonadal hormones. For example, DHT treatment caused a further decline in the B-induced suppression of CRH and MR mRNA levels in males; a similar pattern was found in the case of GR gene expression in E 2 -supplemented females. In contrast, treatment of females either with P alone or with the combination of E 2 ϩP attenuated the B-induced decreases in CRH and GR mRNA levels. Interestingly, in this paradigm, the typical male hormone (DHT) was only active in males, whereas the typical female steroids P and E 2 elicited responses only in females. It is also worth emphasizing that, depending on the parameter measured, the sex steroids either potentiated (DHT, E 2 ) or allowed an "escape" from the suppressive effects of B. The latter, seen when P was administered to females, might also be viewed as buffering effects and raises the possibility that physiological rises in the secretion of P in females may represent endogenous "protectants" against the biological consequences of chronically elevated glucocorticoids. Support for this view is gained from previous reports suggesting that, if provided in sufficient concentrations, P may interfere with glucocorticoid receptormediated signals (Keller-Wood et al., 1988; Svec, 1988; Ahima et al., 1992; Young, 1995) .
The mechanisms by which gonadal steroids exert their potentiating and buffering effects on glucocorticoid-mediated regulation of CRH, MR, and GR gene expression remain to be defined. However, the facts that (1) the various steroid receptors display extensive homology in their DNA-binding domains (CarsonJurica et al., 1991; Wahli and Martinez, 1991) , and (2) at least some steroid receptors may form heterodimers (Trapp et al., 1994) offer speculative avenues that deserve exploration in the future. In the context of the above remarks regarding mechanisms, it is pertinent to point out that gonadal steroid receptors have been described in the hippocampus (Loy et al., 1988; Simerly et al., 1990; Hagihara et al., 1992) and anatomical structures that innervate the PVN (for review, see Madeira and Lieberman, 1995) , whereas sex hormone receptor expression in the PVN per se is rather modest (Pelletier et al., 1988; Simerly et al., 1990 ). These observations imply that whereas gonadal steroids may directly modulate corticosteroid receptor synthesis in the hippocampus (in concert with endogenous glucocorticoids), sex steroid effects on CRH gene transcription may involve trans-synaptic pathways.
In summary, the data presented here demonstrate the following: (1) in both sexes, adrenal corticosteroids act as major regulators of the transcription of genes encoding CRH, MR, and GR; (2) in the absence of adrenal secretions, gonadal steroids exert glucocorticoid-like effects on the gene expression of corticosteroid receptors in the hippocampus, while not affecting CRH mRNA levels in the PVN; and (3) sex steroids potentiate and buffer glucocorticoid feedback on the gene expression of CRH, MR, and GR in a gender-specific manner. The results may be implicated in the mechanisms underlying sex differences in the susceptibility to stress, as well as to dysregulation of HPA function after chronic exposure to excessive amounts of glucocorticoids. The latter has been the center of much recent psychiatric research because it may be causally linked to mood disorders such as major depression (for review, see Sapolsky and Plotsky, 1990; Young, 1995) . The relevance of studies such as those initiated here can be better appreciated when one considers the statistically proven prevalence of depression in women (Kessler et al., 1993; Weissman et al., 1993) . Experimental evidence demonstrating the neurotrophic properties of at least some gonadal steroids (Gould et al., 1991; Matsumoto, 1991; Miranda et al., 1993 ) might serve as a basis for examining whether gonadal steroids can be used therapeutically to modify the susceptibility of brain structures to the detrimental effects of chronically elevated glucocorticoids.
